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Introduction
Zirconium properties such as good corrosion resistance, low elastic modulus and excellent biocompatibility [1] [2] [3] [4] [5] [6] . Recently, a novel Zr-40Ti-4.5Al-4.5 V (Z40T, wt.%) alloy has been developed with high strength and low elastic moduli, making it a potential high performance biomaterial [7, 8] . However, the difference of the preparation process will lead to the change of the phase composition and microstructure of the alloy, which will further change the mechanical and physicochemical properties of the matrix [9] [10] [11] . In view of this, it is necessary to study the relationship between microstructure and properties of Z40T alloy under different heat treatment regulations. It is well known that heat treatment is a prime important method for microstructure control. The most crucial factors for the final microstructures can be attributed to the annealing processes and the following cooling processes, which will result in various phase transformations and grains growth behaviors. Due to the importance of heating or cooling rate in various thermal processes, numerous investigations have been conducted on the correlation between microstructure evolution and phase transformation during heat treatment of Zr/Ti alloys [12, 13] . Obasi et al. [14] clarified that the phase transformation of Ti-6Al-4 V alloy during cooling (␤→␣) is governed by the so-called Burgers orientation relationship {0002} ␣ || {110} ␤ and <1120> ␣ ||<111 > ␤, with 12 possible ␣ orientations that can transform from a single ␤ grain parent during the ␤→␣ phase transformation. Nag [15] and Barriobero-Vila [16] reported that the formation of precipitates occurred in solute lean regions of the ␤ matrix due to the partial collapse of {111} ␤ layers during fast cooling from the ␤ field. Then, started to dissolve and the content of ␣ïncreased as the cooling rate decreased. In addition, the characteristics of different phases in the matrix, such as morphology, grain size and distribution, are strongly influenced by the phase transformation kinetics during thermal treatments [15, 17] . Qiang et al. [18] revealed the cooling rate during ␤→␣ transformation of Ti-45Al-8.5Nb-0.2W-0.2B-0.02Y (at.%) alloy has a significant influence on the content of Burgers ␣ grains and the lamellar orientation. Shi et al. [19] also used the exponential decay formula perform well inquantitatively characterizing the relationship between microstructure features and cooling rate in Ti alloys.
Notably, excellent mechanical properties and corrosion resistance in Zr/Ti alloys are closely related to the process control of the phase transformation and microstructure evolution [20, 21] . Brittle behavior can occur if the phase exists in Zr/Tibased alloys, such as Zr-Ti, Zr-Mo, and Ti-Nb [22] [23] [24] . Yue et al. [25] clarified the crystal structure and grain size differences among the ␣, ␣änd ␤ phases also affected the mechanical properties of the alloy. According to the semi-empirical Hall-Petch relationship [26] , the thickness of the lamellar ␣/␣phase can significantly affect the strength of Zr/Ti alloys. A low cooling rate can lead to diffusion-controlled growth of the thick lamellar ␣ phase as well as to lower tensile strength in the ZrTi alloy [27, 28] . In addition, previous studies indicated that various phase structures exhibited various passivity values in near neutral PH solutions at room temperature [29, 30] . Mythili et al. [31] confirmed that the ␤ phase exhibited superior corrosion resistance compared with ␣ phase in Ti alloys. Dull et al. [32] also determined that the corrosion current density of the ␣ + ␤ twin-phases were higher than that of a single ␣ phase. In view of the close relationship between microstructures and properties, it is essential to control the microstructures and service properties of Z40T alloy by adjusting heat treatment process such as cooling rate.
In the present work, the phase transformation kinetics of the Z40T alloy has been continuously monitored as a function of the cooling rate. In addition, the relationship among the microstructure evolution, mechanical properties and corrosion behaviors of the Z40T alloy has also been established. Achievements in this regard will play a very important role in the optimization of the microstructure prediction model. A correct understanding of the phase transformations is necessary for the optimization of Zr/Ti alloy design and the development of theoretical models, which will also reduce the cost and shorten the construction period.
Experimental
The alloy used in this study is produced by melting sponge Zr (Zr + Hf ≥ 99.5 wt%), Ti (≥ 99.7 wt%), industrial pure Al (≥99.5 wt%) and industrial pure V (≥ 99.9 wt%) in an argon atmosphere in a vacuum induction furnace. The ingots are remelted at least four times to ensure uniform chemical composition. The nominal and actual chemical compositions of the studied alloys are presented in Table 1 . Differential scanning calorimetry (DSC) was used to measure the phase transition temperatures at a fixed heating rate of 10 K/min under a high-purity argon atmosphere. The nominal ␣ → ␣ + ␤ transus temperature and ␣ + ␤ → ␤ transus temperature for Z40T alloy are about 650 and 760 • C, respectively [33] . In this study, to obtain a more uniform microstructure, all ingots are homogenized at 900 • C, which is higher than the ␤ transus temperature, for 90 min in a tubular vacuum heat treatment furnace and consequently cooled to room temperature. Subsequently, all specimens are reheated to 827 • C (␤ phase field) for 90 min and then cooled to room temperature with different cooling rates, such as slow cooling (SC), furnace cooling (FC), air cooling (AC), and water cooling (WC). The schematic diagram of the processing route is shown in Fig. 1 . The cooling rates of the SC and FC are calculated from the experimental data. During cooling from the holding temperature to room temperature, the time period is recorded every 50 • C, the cooling rate of each time period has been calculated, as well as the average values. According to the calculations and related references [34] , the cooling rates of SC, FC, AC, and WC are approximately 0.03, 0.1, 5 and 1000 • C/s, respectively. X-ray diffractometer (XRD, Japanese type D/max-2500/PC) with Cu K␣ radiation is used for phase analysis of specimens with different cooling rates. The microstructures of all specimens are examined with optical microscopy (OM, Zeiss Axiovert 200 MAT), scanning electron microscopy (SEM, Hitachi S-3400) and transmission electron microscopy (TEM, JEOL-2010). The TEM samples are prepared through twin-jet Bone-shaped sheet tensile specimens of crosssectional dimensions and an original gauge length of 3 mm × 2 mm × 21 mm are tested with an Instron mechanical 5982 testing system at room temperature. The strain rate is
The corrosion behaviors of the Z40T samples at different cooling rates are conducted in 3.5 wt.% NaCl using a electrochemical analyzer (CHI660E) under a static condition at 37 • C. A typical three-electrode configuration composed of saturated calomel electrode (SCE) as a reference electrode, platinum foil as a counter electrode and sample (1 cm 2 exposed area) as a working electrode is used in electrochemical measurement. The working electrode is immersed into the 3.5 wt.% NaCl solution until the open circuit potential has been stabilized. The potentiodynamic polarization curves are produced, ranging from −1500 mV to 2000 mV at a scan rate of 0.1667 mV/s. To obtain more accurate experimental results, all experiments including microstructure examinations, mechanical properties tests and potentiodynamic polarization tests are repeated at least three times in the current study.
3.
Results and discussion
Phase composition analysis
XRD of experimental specimens with different cooling rates (WC, AC, FC, and SC) are presented in Fig. 2 . The phase compositions and corresponding lattice parameters have been analyzed, and the results are presented in Table 2 . Based on the peak positions, it is determined that the phase composition of the specimens transformed from ␤→␣"→␣ as the cooling rate is decreased. As presented in Fig. 2 , the Z40T alloy at SC mainly contains an ␣ phase with HCP structure. In addition, a small peak can be observed at 2 = 37.2 • . According to previous studies [8] , the peak was identified to be from ␣martensite with orthorhombic (O) structure. As the cooling rate is increased (FC, as presented in Fig. 2 ), more ␣martensite peaks will appear, while the number and intensity of the ␣ phase peaks is decreased. The bright-field TEM image of ␣martensite in the FC alloy, as presented in Fig. 3 , further confirming the presence of ␣martensite. When the cooling rate is further increased to AC and WC, the Z40T alloy will exhibit a nearly complete ␤ phase with a BCC structure.
In fact, ␤→␣ïs a nondiffusive phase transformation, which can be considered an intermediate state in the transition from ␤ to ␣ [28] . In this study, the heating temperature of the Z40T alloy is 827 • C, which reaches the complete ␤ phase region. When the cooling rate of the Z40T alloy is WC or AC, the solute atoms don't have sufficient time to precipitate from the ␤ phase, resulting in supersaturated solid solution formation. When the cooling rate is reduced to FC, a solid phase transformation begins to occur in the Z40T alloy. At present, ␤→␣ïs the main phase transformation. Due to the strong interaction among adjacent atoms, the atoms in the ␤ phase can't diffuse but deviate from their original equilibrium positions, such as through bond length and bond angle changes. Therefore, the Z40T alloy phase that is subjected to FC mainly comprised ␣martensite (a nondiffusive phase transformation). As the cooling rate is further decreased to SC, the atoms can obtain sufficient energy to break free from the bonds of the adjacent atoms and eventually diffuse. In addition, the diffused atoms can be completely rearranged and eventually lead to the occurrence of diffusive phase transformation. In other words, a high amount of ␣ phase can be generated.
Microstructure analysis
The micrographs of the Z40T alloy obtained under different cooling conditions are illustrated in Fig. 4 and Fig. 5 . Mean-while, the phase compositions and the corresponding average dimensions of the samples obtained after the different cooling rates are counted and presented in Fig. 6 . Average dimensions were measured according to the semiautomatic image analysis (ASTM: E1382-97(2010)). In order to obtain accurate data, three to five samples were measured in this study. From OM and TEM images in Fig. 4 , only the ␤ phase could be observed in Z40T samples with WC and AC, which is consistent with the XRD results. As presented in Fig. 5(a) , it is clear that the ␤ grain boundaries can be preserved and certain new fine grains can be found within the coarse original ␤ grains of Z40T samples after being subjected to FC or SC. Furthermore, a fine needle-like ␣ phase with uniform orientation can be observed in FC sample ( Fig. 5(b) ), demonstrating that the current ␣ grains belongs to widmanstätten morphology. Meanwhile, TEM images ( Fig. 5(c) ) indicate that a high amount of nano ␣grains can be observed. Subsequently, after SC treatment, it is quite clear that the ␣ lath structure is obtained in the Z40T alloy ( Fig. 5(d) ). Additionally, from the corresponding SEM and TEM images ( Fig. 5(e ) and (f)), the sizes and contents of the ␣ grains are significantly increased. Conversely, the contents of the ␣grains are rapidly decreased. Similar to the XRD results, different composition phases and microstructures are obtained through different cooling rates of the Z40T alloy. For the current Z40T alloy, a schematic illustration of the solid-state phase transformation through different cooling rates is presented in Fig. 7 .
It has been demonstrated in the experimental part that the heating and holding temperatures of the Z40T alloy are in the ␤ single phase region. Subsequently, when the sample is rapidly cooled to room temperature (WC), the matrix can completely retain the ␤ phase. Moreover, the size of the ␤ grains is relatively low since the time for growth is insufficient. However, when the sample is cooled at the rate of AC, the ␤ grains sustains a relative growth through the grain boundary migration mode due to a longer stay at high temperatures compared to WC. For this reason, the size of the ␤ grains can significantly increase following the AC treatment. As the cooling rate is further reduced (from AC to FC), fine ␣replaces the original ␤ grains, and only the ␤ grain boundaries are retained in the matrix. At this point, the ␤ phase will transform into the ␣phase through the nondiffusive-type phase transition. The formation of the ␣phase was reported at moderate temperatures during decomposition of the ␤ matrix in ZrTi alloys [17, 35] , according to which, two processes can occur at moderate temperatures: formation and then dissolution of the phase [35] [36] [37] . First, during the initial stage of the phase transformation, dislocations can be formed due to lattice distortions in the ␤ matrix, and the accumulation of multiple dislocations will lead to the generation of the phase, consistent with the presence of the phase along dislocations reported [38] . Consequently, the phase dissolves and the content of ␣ïncreases. Therefore, the fact that this region of the microstructure doesn't show any signs of phase indicates the existence of a more advanced transformation stage, which is the cause for the absence of the phase in the XRD results. However, the ␣phase is a metastable phase that tends to transform to the stable ␣ phase. As presented in Figs. 5(b) and 7, a portion of the ␣phase first transforms into the ␣ phase (Widmanstätten structure) at the original ␤ grain boundaries, which may be because the atom arrangements are more disordered at grain boundaries, resulting in a higher energy state at the grain boundaries than in the grain interiors. Consequently, the atoms located at the original ␤ grain boundaries have sufficient energy to diffuse, further causing nucleation and growth of the ␣ grains [35] . In contrast, only a low amount of ␣ḧas been converted to ␣ due to the weak diffusion of atoms within the original ␤ grains. As the cooling rate changes from FC to SC, all atoms in the matrix can have sufficient energy and time for both diffusion and migration, which promotes the nucleation and growth of the ␣ phase to a substantial extent.
As presented in Fig. 6 , the average width of an ␣ lath gradually increases from 0.56 to 1.05 m as the cooling rate is decreased. According to the diffusion-controlled growth mechanism and the instantaneous growth rate of the new plate-like phase, the increase in the thickness of the new ␣ lamella can be obtained through [20] :
where b is the thicknesses of the lamellar ␣ phase, h represents a constant related to the ␣ and ␤ phases, v represents the cooling rate, D 0 represents the diffusion coefficient, Q represents the diffusion activation energy, R represents the gas constant, T 0 represents the onset transition temperature during cooling and T f represents the temperature of the final transformation or the temperature that is unable to induce grain growth during cooling. From a previous study [33] , the ␤→␣ transformation temperature of the Z40T alloy was determined to be 760 ∼ 650 • C. Consequently, T 0 = 760 • C and T f = 650 • C. There- This equation indicates that the thickness b of the new ␣ phase gradually increases as the cooling rate decreases, also confirming the accuracy of the data obtained through experimentation. Fig. 8 presents the stress-strain curves of the Z40T alloy at different cooling rates. The specific mechanical properties are listed in Table 3 . The corresponding variations of yield strength (YS), ultimate tensile strength (UTS) and fracture elongation ( f ) with different cooling rates are presented in Fig. 9 . The YS and UTS of the Z40T specimen with WC are approximately 831 and 929 MPa, respectively. Compared with the specimen with WC, the matrix strength is slightly increased while the f slightly decreases after AC. As the cooling rates decreases fur- ther, the strength and f of the samples change significantly.
Mechanical properties analysis
When the cooling rate of the sample is controlled with FC, the YS and UTS will dramatically increase to 1326 and 1462 MPa, respectively. In contrast, the f of the specimen decreases rapidly to 3.81% as the cooling rate is decreased from AC to FC. As the cooling rate is decreased to SC further, the matrix strength decreases slightly, and f increases to 4.91%. The mechanical properties of the Z40T alloy are significantly dependent on the changes in microstructure and phase composition caused by the cooling rate. As shown in Fig. 9 , when the cooling rate changes from WC/AC to FC/SC, the mechanical properties of the Z40T alloy will change clearly, including a rapid increase in the strength and a sharp decrease in the fracture elongation. It can be found that two factors can lead to the occurrence of the strength and fracture elongation trends: one is the crystal structure of the constituent phase, and the other is the number of interfaces per unit area. The XRD and microstructure analysis results demonstrate that only the ␤ phase exist in the alloy matrix when WC and AC are used, as presented in Fig. 2 and Fig. 4 . The families of slip planes and slip directions in the BCC ␤ phase are {110} and <111>, respectively, which can be combined into a high number of slip systems. During the loading process, more slip systems can be activated under the action of a lower shear stress, resulting in a lower strength and higher elongation [39] . As the cooling rate decreases with FC and SC, the BCC ␤ phase can be replaced by both ␣martensite with O structure and ␣ phase with HCP structure, and the mechanical properties will change accordingly. Since the O structure of the ␣martensite and HCP structure of the ␣ phase contains fewer slip systems than ␤ phase, a higher stress is required for plastic deformation of both the ␣martensite and ␣ phase than that for the ␤ phase, which will result in an increase in strength and a decrease in fracture elongation, confirming the previous reported results [40, 41] . In addition, compared with the coarse ␤ phase, fine ␣martensite and ␣ grains, which can be transformed from the ␤ phase during FC/SC, provide more grain boundaries per unit area. A significant increase in the grain boundary interfaces can increase interactions between dislocations, such as dislocation entanglement and intersection, consequently inhibiting the movement of the dislocations. Therefore, a Z40T alloy with fine ␣martensite and ␣ grains has a higher strength and lower fracture elongation than an alloy comprising the ␤ phase, which is consistent with the results of Liang et al. [42, 43] .
As also presented in Figs. 8 and 9 , the strength of the alloy displays a small increase when the cooling rate changes from AC to WC. A similar phenomenon also occurs in the alloy samples when the cooling rate changes from SC to FC. The difference in grain size can be used to explain the change in mechanical properties by Hall-Petch equation [26] :
where represents the YS of the material, 0 represents the resistance of the lattice due to friction during the motion of a single dislocation, k is a constant that represents the slope of Hall-Petch plot and d represents the average grain size of the polycrystalline material. According to the Hall-Petch equation, the strength of the alloy matrix increases as the average grain size decreases. The finer the crystal grains are, the more grain boundaries occur, and the more apparent the strengthening effect will be. When slip occurs to the vicinity of the grain boundaries, the dislocations can't enter adjacent grains due to the higher distortion energy at the grain boundaries, leading to dislocation accumulation and dislocation cluster formation near the grain boundaries [44] . Previous studies [45, 46] demonstrated that dislocation clusters generated near grain boundaries had an opposite force to the source of the dislocations within the grain, causing the dislocation source to stop. In addition, due to the grain orientation differences on both sides of the grain boundary, the slip directions and slip planes are not coordinated and further increase the obstacle to dislocation motion. To initiate dislocation movement in the adjacent grains, it is necessary to increase the stress for the deformation to be transferred from one grain to another, causing the object to yield [47] . From Fig. 6 , it can be observed that the sizes of ␤ grains are gradually decreased for the Z40T samples during the AC to WC transition. Similarly, the grain sizes of the ␣martensite and ␣ phase also decreases when 
Potentiodynamic polarization analysis
The potentiodynamic polarization curves for the Z40T alloy samples with different cooling rates in 3.5 wt.% NaCl electrolyte are presented in Fig. 10 . Based on the results of three repeated experiments, the average values of the corrosion potentials (E corr ), corrosion current densities (i corr ), passive current densities and pitting potentials of the examined alloys have been obtained from the potentiodynamic polarization curves and presented in Table 4 . As shown in Fig. 10 , the trend of polarization curves for all Z40T samples is similar and undergoes the process of activation and passivation, essentially in agreement with Atapour et al. [48] . However, the change of passivation properties of the alloys is apparent due to the difference of various cooling rates. It is clear that the value of E corr decreases gradually and i corr increases gradually as the cooling rate is decreased from WC to SC. Such results demonstrate that the arrangement order of corrosion resistance for Z40T alloys can be described as: WC > AC > FC > SC.
As we can know, distinctive microstructural arrays provide different electrochemical behavior for a same material, which can be produced by using different heat treating or operational condition (e.g. cooling rate). In this sense, a resulting microstructure array constituted by simple grain size and martensitic or a eutectic microstructure will provide distinct electrochemical behavior, mainly when different atomic diffusion is prevalent and pitting corrosion is provoked [49] [50] [51] . After analysis, two reasons lead to the change of corrosion performance of the Z40T alloy when the cooling rate is decreased from WC to SC: (i) phase transition, (ii) grain size.
Firstly, the phase composition of the Z40T alloy changes gradually from ␤ phase to ␣martensite and then ␣ phase as cooling rate decreases. Previous studies [52, 53] reported that the ␤ phase exhibited superior corrosion resistance than the ␣/␣phases in Ti based alloys. Therefore, Z40T alloys after WC and AC present better corrosion performance compared with the alloys after FC and SC. As for the second reason, it is believed that the formation of passive films originates from the crystal lattice defects [54] . The alloy with finer grain sizes has a higher density of grain boundaries and will lead to the existence of more nucleation sites for passive films. In this study, the size of ␤ grains is gradually decreased for the Z40T samples during the AC to WC transition, and the grain sizes of the ␣martensite and ␣ phase are also decreased when the cooling rate changes from SC to FC. Therefore, the alloys with finer microstructures can obtain higher fractions of passive layers and corrosion resistance.
Furthermore, when the potential reaches a higher value, a dramatic increase in current density of the WC and AC alloys can be observed clearly (as presented in Fig. 10 ). It has been reported that the rapid increase of the current density in the polarization curve displayed the formation of pitting corrosion [55] , and there exist three main mechanisms [56] for passivity breakdown: (i) the penetration mechanism, (ii) the film breaking mechanism and (iii) the adsorption mechanism. Without exception, Clions in the electrolyte solution play important roles in the pitting corrosion process among the three passivity breakdown mechanisms. Burstein et al. [57] claimed that the high Clconcentration could enhance the reaction rate of pitting corrosion. In addition, pit development is also influenced by irregular surface morphology and internal stress of the alloys, which must be introduced during heat treatment. Obviously, higher internal stress is present in the Z40T alloy matrix due to faster cooling rates (such as WC and AC). In conclusion, the pitting phenomenon of Z40T alloy after WC and AC can be explained by Clions in the electrolyte solution and residual stress in matrix.
Conclusions
In summary, the influence of the cooling rate on the microstructure, mechanical properties and corrosion behaviors of the Z40T alloy has been studied. The phase composition of the studied Z40T alloy changes from ␤ phase to ␣martensite gradually, and eventually forms a stable ␣ phase as the cooling rate decreases from WC to SC. The ␣martensite first appears through a nondiffusive phase transformation of the ␤ phase. Subsequently, a stable ␣ phase occurs due to atom rearrangement. The grain sizes of the ␤ phase, ␣martensite and ␣ phase gradually increases as the cooling rate is decreased. The grains of each phase grow due to the continuous increase in the driving force. Compared to the specimens with WC/AC, the YS and UTS of the Z40T alloy with FC/SC slightly increase while the f is dramatically decreased. The potentiodynamic polarization test results demonstrate that the arrangement order of corrosion resistance for Z40T alloys can be described as: WC > AC > FC > SC. The differences in crystal structure and grain size of the constituent phase contribute to these results. The formation of pitting corrosion in WC/AC samples can be explained by Cl − ions in the electrolyte solution and residual stress in matrix.
